In the littlest Higgs model with T-parity (LHT), the mirror quarks have flavor structures and will contribute to the top quark flavor changing neutral current. In this work, we perform an extensive investigation of the top quark rare three-body decays t → cV V (V = γ, Z, g) and t → cff (f = b, τ, µ, e) at one-loop level. Our results show that the branching ratios of t → cgg and t → cbb could reach O(10 −3 ) in the favorite parameter space of the littlest Higgs model with T-parity, which implies that these decays may be detectable at the LHC or ILC, while for the other decays, their rates are too small to be observable at the present or future colliders.
From the SU (5)/SO(5) breaking, there arise 14 Goldstone bosons which are described by the "pion" matrix Π, given explicitly by
The unitary matrix V H d is usually parameterized with three angles θ As introduced above, in the LHT model new contributions to the FCNC top quark coupling tcV come from the new gauge interactions mediated by (A H , Z H , W ± H ), which are shown in Fig. 1 . Since we use Feynman gauge in our calculation, the Goldstone bosons η, ω 0 and ω ± also appear in the diagrams. The heavy scalar triplet Φ, in principle, may also contribute to the FCNC coupling, but since such a contribution is suppressed by the factor v 2 /f 2 , we neglect it hereafter. It should be noted that the rules in (5)- (10) imply that the form factors of the loop-induced tcV interaction, F , must take the following form
where f (m Hi ) is a universal function for three generation mirror quarks, but its value depends on the mass of ith-generation mirror quark, m Hi . Obviously, for the degeneracy of the three generation mirror quarks, F vanished exactly due to the unitary of V Hu , while for the degeneracy of the first two generations as discussed below, the factor behaviors like (V †
with m H being the common mass of the first two generations. In the case of very heavy third generation mirror quarks, f (m H3 ) vanish, that is its effect decouples, then F is proportional to (V † Hu ) t3 f (m H ) (V Hu ) 3c , which are independent of m H3 .
The Feynman diagrams for the decays t → cV V and t → cff (f = b, τ, µ, e) in the LHT.
The Feynman diagrams for the top quark decays t → cV V and t → cff are shown in Fig. 2 with the black square denoting the loop-induced tcV vertex. One important difference of the effective tcV verteices in Figs. 2(a, d, e) from those in Fig. 2(b, c) is for the former cases, both top and charm quarks are on-shell, while for the latter case, either top or charm quark is off-shell. In order to simplify our calculation, we adopt the calculation method introduced in [19] which uses a universal form of the effective tcV verteices, but is valid for all the cases. In Appendix A we give the analytical expressions of the effective verteices tcV and use the codes LoopTools [36] to get the numerical results of the relevant loop functions. To secure the correctness of our results, we recalculated the two-body decay t → cV and find our results agree with those in Ref. [27] .
B.
Amplitude for t → cV V in the LHT model
Since the expressions of the amplitudes for t → cgg, cgγ, cgZ, cγγ are quite similar, we only list the result for t → cgg, which is given by
In above expressions, P L,R = 1 2 (1 ∓ γ 5 ) are the left and right chirality projectors, p t is the top quark momentum, p c , p 1 , p 2 are the momentum of the charm quark and gluons respectively, εs are wave functions of the gluons, and G(p, m) is defined as 1 p 2 −m 2 . In actual calculation, we compute the amplitudes numerically by using the method of Ref. [19] , instead by calculating the amplitude square analytically. This greatly simplifies our calculations. [GeV]
Case II f=1000 GeV
The rates for t → cgg, cgZ, cgγ, cγγ as a function of mH 3 for different values of f and VH d . We take a common mass for the first two generation mirror quarks, i.e. mH 1 = mH 2 = 500 GeV .
LHT model can be consistent with the precision electroweak data [38] . So we set f = 500GeV, 1000GeV as two representative cases. The matrix elements of V H d have been severely constrained by the FCNC processes in K, B and D meson systems [34, 39] . To simplify our discussion, we consider two scenarios which can easily escape the constraints [27, 28, 40] :
Case II :
As for the mirror quark masses, it has been shown that the experimental bounds on four-fermi interactions require m Hi ≤ 4.8f 2 /TeV [38] . In our discussion, we take this bound. We also assume a common mass for the first two generation up-type mirror quarks, i.e. m H1 = m H2 = 500 GeV and let the third generation quark mass m H3 to vary from 600GeV to 1200GeV for f = 500GeV and from 600GeV to 4800GeV for f = 1000GeV. To make our predictions more realistic, we apply some kinematic cuts as did in Ref. [41] , that is, we require the energy of each decay product larger than 15 GeV in the top quark rest frame.
In Fig.3 we show the dependence of the rates for t → cgg, cgZ, cgγ, cγγ on m H3 . This figure indicates that the dependence is quite strong, i.e. more than 1 order of magnitude change when m H3 varies from 600 GeV to 1200 GeV in Fig. (3a) and (3c) and from 600 GeV to 4800 GeV in Figs. (3b) and (3d) . The reason is, as explained in Eq. (12) and below, the cancellation between the third generation mirror quark contribution and the first two generation mirror quark contribution is alleviated with the increase of m H3 . This figure also indicates that the rates t → cgg, cgZ, cgγ, cγγ are also sensitive to the parametrization scenarios of V H d when one compares the results in Fig.3 (a) and Fig.3 (b) with those in Fig.3 (c) and Fig.3 (d) . This character can be easily understood from the expression in Eq. (12) . From Fig.3 , one may conclude that in the LHT model, the rate for the decay t → cgg is much larger than the others, reaching 10 −3 in optimal cases, while the rates of the decays t → cgZ, cgγ, cγγ are all below 10 −5 . We investigate the same dependence of the decays t → cff (f = b, e, µ, τ ) in Fig.4 . Since the lepton masses are small compared with top quark mass, the rates for the decay t → cll with l = e, µ, τ are approximately equal. This figure shows that that the dependence of t → cff on m H3 is similar to that of t → cV V shown in Fig.3 . This figure also shows the rate of the decay t → cbb can reach 10 −3 in the optimum case, while the rate of the decay t → cll is usually less than 10 −6 . The authors of [42] have roughly estimated the discovery potentials of the high energy colliders in probing top quark FCNC decay for 100f b −1 of integrated luminosity, and they obtained
Then by the results presented in Figs. 3 and 4 , one can learn that the LHT model can enhance the decays t → cgg(bb) to the observable level of the LHC. So we may conclude that the LHC is capable in testing the flavor structure of the LHT model. Finally, we summarize the LHT model predictions for the FCNC three-body decays t → cgg, cbb, cll in comparison with the predictions of the SM, the MSSM, the TC2, and the 2HDM in Table I . This table indicates that the optimum rates of the decays in the LHT model are comparable with those in the TC2 model, and the predictions of the two models are significantly larger than the corresponding predictions of the SM and the MSSM. As far as the decay Br(t → cbb) is concerned, its branching ratios may reach 10 −3 . So if the decays t → cgg and t → cbb are observed at the LHC, more careful theoretical analysis and more precise measurement are needed to distinguish the models; while on the other hand, if these decays are not observed, one can constrain the parameter space of the LHT model. This table also indicates that, even in the optimum cases, the rate for t → cll is only 10 −6 , which implies that it is difficult to detect such decay.
IV. CONCLUSION
In this work, we investigate the FCNC three-body decays t → cV V (V = γ, Z, g) and t → cff (f = b, e, µ, τ ) in the LHT. We conclude that: i) The rates of these decays strongly depend on the mirror quark mass splitting.
ii) The rates rely significantly on the flavor structure of the mirror quarks, namely V Hu and V H d . iii) In the optimum case of the LHT model, the rates for the decays t → cgg and t → cbb are large enough to be observed at present or future colliders and with the running of the LHC, one get some useful information about the flavor structure of the LHT model by detecting these decays.
Appendix: Expressions of the effective tcV vertex
The effective tcV vertex can be obtained by calculating directly the diagrams in Fig.1 and with the help of the formula in [19] . The loop functions in the effective vertex are defined by the convention of [43] with p t defined as the incoming momentum while p c as the outgoing momentum. In our calculation, higher order terms, namely, terms proportional to v 2 /f 2 , in the masses of new gauge bosons and in the Feynman rules are ignored. 
